ABSTRACT: Growth rates of diffusion cultures of nano-and microphytoplankton from Great Barrier Reef shelf water, especially diatoms (µ max = 3.2 doublings d -1
INTRODUCTION
Planktonic primary productivity of oceans and seas, as C fixed per unit volume or area, is increasingly dominated by autotrophic picoplankton, particularly picocyanobacteria, as systems tend towards oligotrophy (Agawin et al. 2000) . As nutrients increase within the water column, however, larger phytoplankton, particularly diatoms, are observed to increase their relative contribution to primary productivity (e.g. Mousseau et al. 1996 , Furnas & Mitchell 1997 , Velduis et al. 1997 ).
While these patterns in primary productivity have been consistently observed, providing important clues on the processes underlying phytoplankton dynamics, direct estimates of in situ growth rates are often lacking or, if available, are low in biological information, due to the poor taxonomic resolution of the method(s) used to measure growth (see reviews by Furnas 1990 , Furnas & Crosbie 1999 . Estimates of in situ growth rates are particularly important in ecological studies because individual phytoplankton cells usually quickly convert increases in the biomass resulting from photosynthesis to an increase in cell numbers through cell division (Furnas 1990 ). Phytoplankton growth rates therefore have a direct bearing on the rate at which phytoplankton biomass is channelled to higher trophic levels. As such, phytoplankton growth rates measured under existing conditions can be used to predict changes to phytoplankton standing stocks and primary productivity that might occur following increased nutrient concentrations and other changes to growth conditions. Bulk biochemical measurements provide one estimation of production, but cells, rather than carbon per se, are the major currency of phytoplanktonbased food webs (Banse 1992 (Banse , 1994 . Additionally, the extrapolation of biochemical measurements to phytoplankton growth rates is notoriously difficult and the resulting estimates can be substantially different from the true in situ growth rates (Furnas 1990) .
Picocyanobacteria-and diatom-based food chains co-exist in shelf waters of the Great Barrier Reef (GBR), but their relative importance varies in time and space (Furnas & Mitchell 1997) . Resident phytoplankton populations have the capacity to develop significant blooms within 1 to 2 d when significant amounts of nutrients, particularly nitrogen, are introduced into shelf waters (Furnas & Mitchell 1997) . During the months of monsoonal rainfall (November-April), the GBR shelf system may experience broad-scale, elevated water column nutrient concentrations (more than 10 times greater than 'normal') associated with cyclonically generated resuspension of shelf sediments (e.g. after cyclone 'Winifred', 1986) and very large runoff or monsoonal rainfall (e.g. after cyclone 'Joy', 1991) (Furnas & Mitchell 1997) . Although such elevated nutrient concentrations are short-lived (days to weeks, Liston 1990 , Jokiel et al. 1993 , the nutrients, particularly nitrogen and phosphorus, are rapidly taken up by phytoplankton in the lagoon, resulting in significant phytoplankton blooms (2-to 5-fold increase) over broad areas (10 3 to 10 4 km 2 ) (Brodie & Furnas 1996) . These and other phytoplankton blooms, resulting from significant nutrient input events such as shelf-break upwelling (Furnas & Mitchell 1986) , are characteristically dominated by diatoms (>10 µm size fraction, Revelante & Gilmartin 1982 , Furnas & Mitchell 1986 , which are the preferred food of herbivorous copepods and planktonic larvae. Enhancements of diatom and zooplankton production resulting from upwelling, flood or cyclonic disturbance events are therefore likely to be important to the growth and survival of planktonic larvae, reef fish and other organisms. In the absence of significant nutrient input events, picophytoplankton (principally picocyanobacteria) dominate GBR shelf waters, accounting for 37 to 99% of integrated water column primary production and frequently >50% of the chlorophyll standing stock (Furnas & Mitchell 1986 . Benthic and pelagic consumers may gain significant nutrition by direct consumption of picocyanobacteria prey (e.g. Ayukai 1995) or consumption of prey (e.g. ciliates) that feed on picocyanobacteria cells (e.g. Sorokin 1994 , Ferrier-Pages & Gattuso 1998 .
Prior to the commencement of this work, few estimates were available on the in situ growth rates of GBR phytoplankton (Furnas 1989 , 1991 , Ayukai 1992 . Previous studies, using diffusion chamber techniques to estimate in situ growth rates of phytoplankton in GBR shelf waters (Furnas 1989 (Furnas , 1991 , concluded that diatoms rather than picocyanobacteria, should consistently dominate phytoplankton blooms developing after short-term nutrient input events, because of their higher growth potentials. In this study, we used diffusion chambers to simultaneously estimate in situ growth rates of GBR picocyanobacteria and nano-/ microphytoplankton under comparable growth conditions. Growth rates at the species, genus, and population levels were estimated from changes in cell concentrations in diffusion chambers incubated under low nutrient concentrations typical of non-perturbed conditions in shelf waters of the central and southern GBR, and also under enhanced nitrogen and phosphorus concentrations typical of upwelling, flood or cyclonic disturbance events. By this approach, we found evidence in support of the hypothesis that in situ growth of GBR Synechococcus and Prochlorococcus populations are not significantly nutrient (nitrogen)-limited under ambient concentrations, and are of similar order to those measured in the equatorial Pacific Ocean, where NO 3 -concentrations (> 2 µM) are far above growth-saturating levels, and in the oligotrophic North Pacific Gyre. In contrast, our data suggest that growth rates of nano-/microphytoplankton under 'normal' (< 0.1 µM) GBR shelf water nutrient concentrations are typically nutrient-limited. Of those nano-/microphytoplankton for which in situ or simulated in situ growth rates were estimated, growth rates appeared to be nitrogen-limited at DIN (= NH 4 + + NO 2 -+ NO 3 -) concentrations < 0.1 µM.
METHODS

Study sites.
Phytoplankton growth experiments in the central Great Barrier Reef (GBR) were conducted at inshore sites (Double Island: 16°42' S, 145°41' E), midshelf sites (Green Island: 16°43' S, 145°59' E), and outershelf sites (Euston Reef: 16°45' S, 146°16' E; Norman Reef: 16°23' S, 146°01' E; Fig. 1 ). In the southern GBR, growth experiments were carried out at an outer shelf site in the Pompey Reefs complex (Reef 20-345: 20°46' S, 150°53' E) (Fig. 2) .
Inocula. Inocula for diffusion culture experiments were collected from incubation sites at 5 to 10 m depth with an acid-cleaned (0.6 M AR-grade HCl) Niskin bottle. Shortly after collection, the inoculum sample was gently prescreened (Dodson & Thomas 1964) to reduce grazer populations. Nano-/microphytoplankton inocula were prepared by reverse flow gravity filtration (Dodson & Thomas 1964) through nylon mesh filters (10 or 35 µm). Picocyanobacteria inocula were prepared by reverse flow gravity filtration through Poretics ® polycarbonate membrane filters with 1 or 2 µm pore diameters, or by gentle vacuum filtration through Poretics ® polycarbonate membrane filters with 0.6 or 1 µm pore diameters. Pressure heads during the preparation of inocula by reverse flow gravity filtration and vacuum filtration were always < 0.4 kPa. Inocula were prepared under subdued light, after which aliquots (ca 67 to 650 ml, depending on diffusion chamber volume) were gently poured into the diffusion chambers, which were incubated in situ or under simulated in situ conditions. Between 1 and 2 h elapsed between the collection of inocula and diffusion chamber deployment. Diffusion chambers. The diffusion chambers used for in situ and simulated in situ phytoplankton growth experiments are based on those first described by McFeeters & Stuart (1972) and later modified for phytoplankton studies (Owens et al. 1977 , Furnas 1982a . Three diffusion chamber designs were used (Fig. 3) . Large and small chambers (Fig. 3A) used for in situ experiments were filled with nano-/microphytoplankton and picocyanobacteria inocula respectively, while diffusion chambers used for simulated in situ incubations ('shipboard' chambers) were filled with both types of inoculum. Large in situ chambers have a nominal volume of 137 ml and were fitted with 147 mm (filter diameter) 0.4 µm (pore diameter) membranes. Small in situ chambers have a nominal volume of 67 ml and were fitted with 90 mm 0.2 µm membranes. Both large and small in situ chambers have a nominal diffusive surface area to volume ratio of 1.57. Shipboard diffusion chambers (Fig. 3B ) have a nominal volume of 650 ml and feature a side port stoppered by a clear silicone rubber bung for syringe sub-sampling. Shipboard chambers were fitted with 90 mm 0.2 µm membranes, and have a diffusive surface area to volume ratio of 0.16. Attenuation of light by the body and containment membranes of diffusion chambers was determined by inserting a cosine quantum sensor (LI-190SA) through a slit in 1 membrane. Light supplied by cool-white fluorescent tubes above chambers positioned as during incubations was attenuated by ca 50% by large and small in situ chambers, and by ca 6% by shipboard chambers. Surface irradiance during incubations was measured as described below.
Laboratory trials indicated that the internal PO 4 3 -concentration in large or small in situ chambers initially containing 1 mM PO 4 3 -was reduced by 50% within ca 1 h of being bathed in continuously stirred deionized water. The time required for exchange of half the PO 4 3 -in shipboard chambers was ca 5 h. For comparison, near-surface NH 4 + depletion times estimated from Redfield C:N ratios and 14 C uptake rates have previously been reported to be within the range 3 to >10 h (Furnas & Mitchell 1984) .
Potential intrusion or leakage of picocyanobacteria cells through diffusion chamber membranes was checked by immersing chambers filled with twicefiltered (0.2 µm membranes) surface oceanic seawater in unfiltered seawater containing Prochlorococcus cells at an abundance of 6.12 × 10 4 cells ml -1
. After 48 h immersion, no Prochlorococcus cells were detected in samples taken from within the chambers and analysed by flow cytometry. Before experiments, diffusion chambers were dismantled, washed with 'phosphate-free' laboratory detergent, rinsed thoroughly with deionized (Super-Q) water, soaked for several days in 1 N trace-metal grade HCl (Baker Instra-analyzed or Merck Suprapur), rinsed again with Super-Q, air-dried, reassembled, and stored in similarly cleaned polyethylene boxes. Fresh diffusive membranes were applied for each experiment. Between chamber filling and deployment and after recovery, filled chambers were kept in polyethylene boxes full of seawater to cushion the diffusion membranes from shocks and to prevent leakage of chamber contents.
In situ phytoplankton growth experiments. Large and small in situ diffusion chambers were suspended in open water, at depths of up to 40 m, by clamping the chambers to a weighted mooring rope held taught by a sub-surface buoy (Fig. 3C ). Replicate chambers (2 or 3) were deployed, usually before 09:00 h for each incubation depth and inoculum prescreening treatment. Salinity, temperature, and irradiance at incubation depths were measured once or twice per day by CTD casts using a Seabird SBE25 CTD mounted with a Biospherical QSP-200 underwater scalar (4π) irradiance sensor, the output of which was referenced to the output from a surface irradiance sensor in order to obtain percent surface irradiance.
Samples were taken at incubation depths for analysis of dissolved inorganic nutrients. These samples were filtered and frozen for later analysis (see below). At the end of each 1.5 to 2 d incubation period, the mooring was recovered and the chambers brought on board for end-of-experiment processing.
Simulated in situ phytoplankton growth experiments. Shipboard diffusion chambers (volume = 650 ml, see Fig. 3B ) were suspended in grey polyethylene incubation tanks supplied with near-surface seawater pumped continuously through PVC pipe, garden hose and non-metallic fittings. Incubation tanks were acidcleaned with 0.6 M AR-grade HCl and rinsed thoroughly with Super-Q deionized water prior to each cruise. The external plumbing and incubation tanks were always flushed with near-surface seawater pumped from the incubation sites for at least 24 h before experiments were started. Ambient light reaching the diffusion chambers was attenuated by covering the incubation tanks with black shade cloth or, for 'dark controls', totally eliminated by covering the incubation tanks with opaque black plastic. Water temperatures in the incubation tanks were measured with a mercury thermometer at least twice daily.
In 7 experiments, seawater pumped through incubation tanks was enriched with ammonium and phosphorus using a peristaltic pump which delivered a concentrated mixture of NH 4 Cl and KH 2 PO 4 . In order to minimise fluctuations in the supply of nutrients to the incubation tanks, the input of near-surface seawater to the incubation tanks was controlled by means of a header tank. , determined by manual analysis of fresh samples (see below). Depending on available processing time, samples for manual analysis were collected from the incubation tanks at up to 2-hourly intervals. At other times, especially during rough sea conditions, only 2 or 3 samples were taken, spaced at regular intervals over the incubation period.
The simulated in situ growth experiments typically commenced before 9.00 h, usually at dawn. Samples for phytoplankton cell counts were collected from shipboard diffusion chambers at the beginning and end of each experiment, which were run for 1 to 1.5 d. Growth rates of picocyanobacteria incubated for a period of >1 d are given only in the case of Synechococcus, and result from a single experiment conducted at an inshore location where time series data (Crosbie 1999) suggested that growth of the population was poorly synchronized to the light-dark cycle. , and Si(OH) 4 in frozen samples were determined using a segmented flow analyzer (Treguer & LeCorre 1975) . The lower limits of detection for analysis of dissolved inorganic nutrients by this method were 0.02 µM for NO 2 -, NO 3 -, PO 4 3 -, 0.1 µM for NH 4 + (higher detection limit due to problems with contamination of stored samples; see Furnas & Brodie 1996) , and 0.3 µM for Si(OH) 4 (Ryle et al. 1981) .
For measurements of PO 4 3 -and NH 4 + concentrations in fresh samples, duplicate 5 and 20 ml samples were collected and processed immediately according to Parsons et al. (1984) (for PO 4 3 -) and Solorzano (1969) (for NH 4 + , using reagents modified from Dudek et al. 1986 ), respectively. After color development, absorbance was measured on a Hitachi Spectrophotometer (1 cm cuvette for PO 4 3 -analysis; 5 cm cuvette for NH 4 + analysis). The lower detection limit for the analysis of NH 4 + was 0.02 µM (i.e. 3 × instrumental detection limit), and 0.03 µM for the analysis of PO 4 3 - (Parsons et al. 1984) . Flow cytometry. Duplicate or triplicate 3 ml samples for flow-cytometric counts of picocyanobacteria were taken from inoculum samples, and from diffusion chambers at the end of each experiment. Samples were then treated with glutaraldehyde for 10 min (0.1% final conc.), stored in liquid nitrogen (Vaulot et al. 1989 ) for periods of generally < 4 wk, then counted by flow cytometry as described below.
Samples were thawed in a water bath at 37°C just prior to cytometric analysis, then counted immediately on a Becton Dickinson FACScan flow cytometer. The flow cytometer was equipped with an argon laser (power = 15 mW, at 488 nm). For each cell, 2 light scatter (side scatter and forward light scatter) and 3 fluorescence signals were recorded on 4-decade logarithmic scales. The photomultipliers were set up to quantify: red fluorescence from chlorophyll (wavelength > 650 nm), orange fluorescence from phycoerythrin (564-606 nm), and green fluorescence from phycourobilin (515-545 nm).
Procedures for flow cytometry generally followed those of Olson et al. (1993) . Instrument settings appropriate for the analysis of picocyanobacteria populations in natural samples were chosen using GBRderived cultures of Synechococcus and Prochlorococcus. Aged near-surface oceanic water filtered through 0.2 µm polycarbonate filters was used as sheath fluid. Sheath fluid quality was checked periodically by running blanks through the FACScan in the same manner as picocyanobacteria samples. Synechococcus and Prochlorococcus abundance were calculated by reference to known additions of calibration grade, 0.92 µm yellow-green fluorescent beads (Fluoresbrite TM , Polysciences). Before and after running each sample set, flow rate was determined using a sample with a known concentration of beads. Working stock bead concentration was determined by the gravimetric method of Olson et al. (1993) . Samples were run on the flow cytometer until 20 000 events were recorded (typically 100 to 150 µl of sample were analyzed). The resulting LYSYS II (Beckton Dickinson) data files were converted to DOS format with HP-READER (Verity Software House). The program MFI (E. Martz, University of Massachusetts) was used to convert file header information to MS Excel (Microsoft Inc., Redmond) format. WinMDI flow cytometric analysis software (J. Trotter, BD PharMingen) was subsequently used to define picocyanobacteria populations.
Using WinMDI, Synechococcus and Prochlorococcus populations were defined using a process known as 'gating', after which, so-defined populations are said to have been 'gated'. This was done by Boolean combinations of regions drawn in different bivariate dotplots, mainly red fluorescence versus side scatter, red fluorescence versus forward light scatter, and orange fluorescence versus side scatter (Olson et al. 1993) . Synechococcus cells were distinguished by high orange fluorescence (phycoerythrin), and Prochlorococcus cells by their low forward light scatter and red fluorescence (chlorophyll, Fig. 4 ). Where necessary, gating of Synechococcus and Prochlorococcus populations was tailored to account for shifts in red and orange fluorescence signatures resulting from presumed photoacclimative changes in cellular phycoerythrin and chlorophyll content. Coefficients of variation for same-sample triplicate analysis of Synechococcus and Prochlorococcus populations were < 6% for counts and mean cellular fluorescence parameters. As configured, the FACScan was incapable of resolving the entire Prochlorococcus population in some samples incubated under simulated near-surface condition, due to the weak red fluorescence signature of cells in such Prochlorococcus populations. Since, however, the mode of the frequency distribution of red fluorescence values for the Prochlorococcus population (hereafter 'red fluorescence distribution') was visible, the total Prochlorococcus abundance was calculated to be twice the number of counts in the right half of the Prochlorococcus red fluorescence histogram, defined by a marker region (Fig. 4) . This approach assumes that the Prochlorococcus red fluorescence distribution has a normal or Gaussian shape (i.e. is not skewed). This was checked by fitting a Gaussian function to the red fluorescence distribution of gated Prochlorococcus populations, where the Gaussian function (y) is given by the formula: where x = red fluorescence value, y = number of Prochlorococcus cells per red fluorescence value, and a and b are constants. In surface (<1 m depth) samples containing Prochlorococcus populations with weak red fluorescence signatures, 'observed' (gated populations) and 'predicted' (from curve area of the Gaussian function fitted to gated Prochlorococcus populations) Prochlorococcus abundance agreed to 7.8 ± 4.5% (mean ± 1 SD, n = 5), and to < 5% (n = 14) and < 2% (n = 12) for non-surface samples and bright (high red fluorescence) Prochlorococcus populations respectively.
Utermöhl counts. Samples for inverted microscope counts of nano-/microphytoplankton and microheterotrophs were preserved in glutaraldehyde (2 ml of 25% fixative in 60 ml) and stored at 4°C. Prior to counting by inverted microscopy (Utermöhl 1958) , samples were warmed to room temperature and settled in chambers for 48 h. Abundances of nano-/microphytoplankton and microheterotroph taxa in inoculum samples were estimated from duplicate or triplicate 50 ml settled samples, and those in final or time-series samples from similarly treated duplicate samples. Diatoms and dinoflagellates, microflagellates, and nonmotile ultraplankton were counted by strip-counting the full or halfchamber bottom (Venrick 1978) . Identifications were at least to genus level and often to species level, by reference to Tomas (1997) .
Mean inoculum abundances of those nano-/microphytoplankton taxa for which growth rates could be calculated ranged from <100 cells l -1 to 4.2 × 10 4 cells l -1 , the latter recorded for Pseudo-nitzschia 'straight-chain' spp. during a growth experiment in the southern GBR. Species or groups were detected at the end of growth experiments that were not recorded in the inoculum, as their initial abundances were below detection; in such cases, growth was not calculated.
Growth rate calculations. Growth rates (µ) of phytoplankton and microheterotrophs were expressed as doublings d -1 : µ = (1/T) log 2 (X t /X 0 ) (Guillard 1973) ( 1) where T is the incubation period (d) and X 0 and X t are the cell numbers at the beginning and end-point respectively. Because growth of picocyanobacteria largely ceases at night (Furnas & Crosbie 1999) cell losses over time in dark incubated controls were used to correct picocyanobacteria growth rates recorded in light-incubated diffusion chambers in several simulated in situ growth experiments (see Table 5 ). Uncertainties associated with mean phytoplankton growth rate estimates. Uncertainties associated with mean phytoplankton growth rate estimates are a combination of 'counting error' (E A ) and between-chamber variations (E B ), the latter arising from differing growth rates in replicate diffusion chambers. Maximum uncertainties (E Amax and E Bmax ) associated with mean phytoplankton growth rate estimates were estimated from the general relationship:
where µ was calculated from Eq. 1, but where X 0 and X t were defined as follows:
For counts based on settlement chambers (E Amax ): For counts based on flow-cytometric data (E Amax ):
For chamber errors (E Bmax ):
where I mean is the mean of duplicate or triplicate inoculum counts, and F mean is the mean of duplicate final counts; I single and F single are individual inoculum and final counts respectively; F calculated is an estimated final cell abundance calculated using Eq. 1 assuming a mean inoculum count, µ max (from Table 2 ) and a 2 d incubation; CV mean is the mean coefficient of variation for triplicate flow-cytometric counts; C single are individual chamber counts; C replicate are means of replicate chambers counts.
RESULTS
A summary of conditions for growth of phtoplankton in diffusion culture experiments is given in Table 1 .
Nano-/microphytoplankton taxa and their abundance in growth experiments
A diverse range of nano-/microphytoplankters were observed in settled samples, including larger diatom taxa such as Lioloma (individuals resembling L. delicatulum and L. pacificum) and Thalassionema frauenfeldii (maximum length of ca 2 mm), which can pass lengthwise as individual cells through pores in membranes with relatively small holes. Small (longest axis < 10 µm) solitary pennate diatoms resembling Navicula and several capitate Nitzschia species were aggregated into 1 operational taxon, and referred to as 'Naviculoid' diatoms. Several chain-forming species of the genus Pseudo-nitzschia were frequently encountered. Pseudo-nitzschia cells were operationally classified as Pseudo-nitzschia 'straight-chain' spp. or P. subcurvata. Cells identified as Thalassiosira spp. were generally <10 µm (longest axis), and solitary or joined by single threads into straight-chain colonies of 4 to 10 cells. Small hylachaete Chaetoceros spp. occurred in samples, and at times exhibited rapid growth, but growth rates of individual species could not be reliably established because of difficulty in making consistent species identifications.
A number of dinoflagellate taxa were identified, including thecate and non-thecate taxa but, with the exception of several small (longest axis typically <20 µm) Gymnodinium spp., they were usually poorly preserved. Coccolithophorids were also poorly preserved, precluding growth rate estimates for this group.
Maximum counting and between-chamber variability associated with nano-/microphytoplankton mean growth rates ranged from 0.1 to 0.5 doublings d , respectively. Estimates of chamber errors were generally lower for simulated in situ experiments than for in situ experiments with nano-/microphytoplankton inocula, likely due to lower levels of environmental variability between replicate chamber deployments. Total maximum uncertainties associated with single-chamber growth rate estimates (E Amax + E Bmax ) ranged from 0.4 to 0.9 doublings d -1 for nano-/microphytoplankton, and 0.3/0.2 doublings d -1 for Synecho- coccus/Prochlorococcus respectively. For the nano-/ microphytoplankton, these uncertainties were often greater than or equal to observed growth-rate means and standard deviations, but were less than the observed growth-rate means and standard deviations in the case of the picocyanobacteria. For paired comparisons between nano-/microphytoplankton growth rate means derived from different prescreening treatments (see below), significant differences of 0.2 to 0.5 doublings d -1 would be detected with a power of 0.80 (Cohen 1988).
Grazers and their abundance in growth experiments using nano-/microphytoplankton inocula
Favella-like tintinnids and Strombidium-like oligotrichous ciliates in nano-/microphytoplankton inocula occurred at <100 cells l -1
. Small heterotrophic dinoflagellates and microflagellates were occasionally observed, but may have been underestimated by poor preservation (Tomas 1997 ) and the difficulty of distinguishing autotrophic from heterotrophic forms (Lessard & Swift 1986) . Foraminifera, radiolarians, larvaceans, and copepod nauplii were also occasionally observed, but always at ≤ 40 cells l -1 .
Growth of nano-/microphytoplankton
Growth rates (µ, doublings d -1 ) were estimated for 24 nano-/microphytoplankton taxa (Table 2) . Most nano-/microphytoplankton taxa for which in situ growth rates were recorded had maximum growth rates of ≥1. Mean growth rates were typically <1, irrespective of taxonomic affiliation (Table 2 ). Maximum growth rates of centric diatoms varied from 0.7 (Eucampia zodiacus f. cylindrocornis) to 2.8 (Dactyliosolen fragilissimus), and for pennate diatoms from 0.5 (Lioloma) to 3.2 (Cylindrotheca closterium). Non-diatoms, with the exception of the aggregate 'microflagellate spp.' (µ = 2.3) for which underestimation of inoculum counts is strongly suspected, typically achieved absolute growth rates of < 2 (Table 2) .
Under low nutrient conditions which typify the GBR (DIN concentrations ≤ 0.03 µM), Cylindrotheca closterium and Thalassiosira spp. achieved the highest relative growth rates for eukaryotes (µ/µ max = 0.3). No positive growth rates of nondiatom nano-/microphytoplankton were recorded under these conditions (Table 3) . Although most of the nano-/microphytoplankton taxa were capable of high relative growth rates (µ/µ max ≥ 0.5) at DIN (mostly NH 4 + ) and PO 4 3 -concentrations close to 0.1 µM (Table 4) , 64% of these growth rates measured at DIN < 0.1 µM were ≤ 0.25 of µ max . Most (70%) of these low relative growth rates were measured at growth saturating light levels (i.e. > 300 µmol quanta m -2 s -1 ; see Furnas 1991 , Crosbie 1999 , implying that growth rates of common and bloom-forming nano-/microphytoplankton taxa are typically nutrient (nitrogen) limited at DIN concentrations < 0.1 µM. In combination with Redfield ratios (Redfield 1934 , Redfield et al. 1963 , and the low DIN concentrations and DIN:PO 4 3 -ratios (mean = 0.89; SE = 0.10) measured in GBR shelf waters, these low relative growth rates imply that growth of common and bloom-forming nano-/microphytoplankton taxa are typically nutrient (nitrogen)-limited at DIN concentrations < 0.1 µM. Visual examination of the data did not indicate any obvious relationship between growth rates and either temperature or salinity within the relatively small observed ranges of these variables (26.0 to 29.1°C; 33.71 to 35.56 ‰), although insufficient data precluded testing such relationships statistically.
Growth and mortality of picocyanobacteria
Picocyanobacteria exhibited high absolute and relative (> 0.5 µ max ) growth rates down to the lowest nutrient concentrations observed (Table 4) . In experiments where positive growth rates were recorded, growth rates ranged from 0.3 to 1.1 for Prochlorococcus and 0.2 to 1.6 for Synechococcus.
Grazing impact on picocyanobacteria appears to have been reduced by prefiltering inocula through membranes with small pore diameters. In paired comparisons, Synechococcus populations pre-screened through membranes with a 1 µm pore diameter achieved 2.3 times higher mean growth rates than Synechococcus populations pre-screened through membranes with 2 µm diameters (t-test, p = 0.001, df = 5; mean µ = 0.7, 0.3 respectively). Synechococcus inoculum populations prescreened through membranes with 0.6 µm pore diameters achieved 3.5 times higher mean growth rates than Synechococcus populations prescreened through membranes with pore diameters of 1 µm (t-test, p = 0.010, df = 6; mean µ = 0.7, 0.2 respectively).
Despite efforts to reduce grazing by prescreening, mortality nonetheless accounted for 42 to 140% of corrected picocyanobacteria growth rates achieved during simulated in situ growth experiments that incorporated a 'dark control' (Table 5) .
DISCUSSION
In comparison to nano-/microphytoplankton, high relative growth rates (µ/µ max ) of autotrophic picoplankton can be expected during oligotrophic conditions because nutrient acquisition by large cells is limited by molecular diffusion at the low nutrient concentrations (Fogg 1986 , Raven 1986 , 1998 . The constraint on nutrient acquisition imposed by diffusive boundary layers is much lower for a picoplankton-size cell than for a nano-or, especially, a microplankton size cell. To achieve a given fraction of µ max under nutrient limiting 218 conditions, autotrophic picoplankton cells require a lower nutrient flux per unit plasmalemma area than larger cells (Raven 1986 (Raven , 1998 . However, although autotrophic picoplankton can theoretically grow at rates approaching nearly 3 doublings d -1 at nutrient concentrations of 20 nM and still be below the threshold for diffusion-limited growth (Chisholm 1992), diel growth rates of Synechococcus and Prochlorococcus exceeding 1 are rarely recorded from marine environments, irrespective of the approach taken to measure growth rates (Furnas & Crosbie 1999) . One possible explanation is that small cells, such as Synechococcus and Prochlorococcus, may be unable to store enough energy reserves to do more during the dark period than complete cell division processes that are already well advanced (Odum et al. 1963 , Raven 1998 . Strong diel coupling of cell division in picocyanobacteria populations may also constrain absolute growth rates of some picocyanobacteria to 1 division per diel cycle (Raven 1994 (Raven , 1998 .
Centric diatoms
Although there are constraints on the maximum achievable growth rates of picocyanobacteria, Synechococcus and Prochlorococcus are at times capable of rapid growth. In tropical, sub-tropical and temperate coastal waters, it has been shown that light-saturated Synechococcus and Prochlorococcus sub-populations are capable of dividing more than once per day as a result of multiple (asynchronous) cell divisions within a diel period or ultradian growth (Waterbury et al. 1986 , Shalapynok et al. 1998 . In the GBR shelf, maximum growth rates of 1.1 and 1.6 were recorded for Prochlorococcus and Synechococcus, respectively (results herein).
If one assumes that the highest picocyanobacteria mortality measured herein also occurred in the growth experiments which gave the maximum uncorrected picocyanobacteria growth rates (Table 5) , then the corrected growth rates would approach the maximum in situ growth rates reported for these genera (3 and 2 doublings d -1 for Synechococcus and Prochlorococcus respectively, Furnas & Crosbie 1999) . In the growth experiments conducted herein, however, the removal of carnivorous predators which prey upon the microplankton that graze on picocyanobacteria, may sometimes have resulted in higher losses to picocyanobacteria from microplankton grazers than normally occur in the field (see Reckermann & Veldhuis 1997) .
Despite its greater abundance at oligotrophic sites (e.g. outer central GBR shelf sites and Coral Seas sites), there was no evidence that absolute growth rates of 219 ) at which maximum growth rates (µ max ) recorded, and time-averaged minimum irradiances and minimum dissolved inorganic nutrients for which relative growth rates (µ/µ maxx ) ≥ 0.5 to < 0.75 (A) and ≥ 0.75 (B) to <1.0 recorded. Growth rates pooled for all in situ and simulated in situ diffusion chamber incubations irrespective of prescreening treatment. When net mortality occurred, growth rates assumed to equal zero. [ Prochlorococcus were significantly greater than those of Synechococcus under oligotrophic conditions (DIN concentrations < 0.1 µM) (see Table 5 ). Liu et al. (1995) likewise found that Synechococcus can often grow at higher rates (µ = 1.6) than Prochlorococcus (µ = 1.0) at DIN concentrations as low as 0.02 µM. In oligotrophic waters of the GBR, equatorial Pacific Ocean and North Pacific Central Gyre, for which appropriate nutrient concentration data are available (this study, JGOFS EqPac 1 and HOT data archives 2 ), both Synechococcus and Prochlorococcus exhibit high relative growth rates at low (≤ 0.03 µM) concentrations of NH 4 + (Landry et al. 1995a ,b, Liu et al. 1995 , 1997 , Vaulot et al. 1995 . In fact, in most settings, macronutrient availability does not appear to strongly limit growth rates of Synechococcus and Prochlorococcus (Furnas & Crosbie 1999) . For Synechococcus and Prochlorococcus in the equatorial Pacific Ocean, where NO 3 -concentrations (> 2 µM) are far above growth-saturating levels (Landry et al. 1995a ,b, Vaulot et al. 1995 , Shalapyonok et al. 1998 , in situ growth rates are of the same order as those measured in the tropical shelf waters of the GBR (Furnas 1991, results herein) and in the oligotrophic North Pacific Gyre (e.g. Liu et al. 1995 Liu et al. , 1997 .
Estimation of phytoplankton growth rates in situ under the low nutrient concentrations that typically occur in tropical waters requires that phytoplankton remain in close chemical contact with surrounding waters. This can be achieved by using diffusion culture techniques (Sakshaug & Jensen 1978) where phytoplankton are enclosed in permeable-membrane chambers. Growth can thus continue for periods long enough to average out, or measure, diurnal fluctuations in growth rates. Many phytoplankton incubated in diffusion chambers have been shown to achieve growth rates equal to, or in some cases greater than, those that have been recorded in batch or chemostat cultures (see review by Furnas 1990) . Significantly, diffusion chambers deployed in low nutrient environ-220 (Landry et al. 1984 , Furnas 1989 , 1991 , Ferrier-Pages & Gattuso 1998 . The ratio of the size of the transported nutrient to the pore size of the diffusion chamber membranes (e.g. 0.001 for PO 4 3 -) suggests that membrane hindrance of mass transport is probably minimal (Deen et al. 1981 , Deen 1987 , Nakao 1994 . Any stirring would further weaken membraneassociated boundary layer resistance to solute convection (Deen 1998). Transport of nutrients across the diffusion chamber membranes is therefore largely through entrainment in the bulk flow of water. Relatively efficient replacement of water within diffusion chambers (cf. bottles, dialysis bags) with outside water can be expected to have minimized changes in nutrient availability caused by containment and prescreening of the inocula in the growth experiments conducted herein. Nonetheless, further studies using, for example, flow cytometric and/or molecular techniques (e.g. Gonzalez-Gil et al. 1998 , La Roche et al. 1999 , Scanlan & Wilson 1999 ) are needed to verify that the nutrient status of GBR phytoplankton grown within diffusion chambers approaches that of GBR phytoplankton growth under (non-contained) natural conditions.
This study provides evidence to support the predictions of Raven (1986 Raven ( , 1998 ) that marine picocyanobacteria achieve higher relative and absolute growth rates than nano-/microphytoplankton when DIN concentrations are low (< 0.05 µM). Our results extend previous studies on the growth rates of GBR phytoplankton (Furnas 1989 (Furnas , 1991 , which found no obvious difference between the relative growth responses (µ /µ max ) of both nano-/microphytoplankton and picocyanobacteria at DIN concentrations down to 0.1 µM. Although we present growth data for only a small proportion of the total number of nano-/microphytoplankton taxa that have been recorded in GBR shelf waters (see Revelante & Gilmartin 1982 , Hallegraeff & Jeffrey 1984 , 16 of the 24 nano-/microphytoplankton taxa (e.g. Cylindrotheca closterium, Leptocylindrus danicus, Thalassionema nitzschioides) are important contributors to phytoplankton blooms arising from significant nutrient input events in GBR shelf waters (Furnas & Mitchell 1986 , Furnas 1989 . All are commonly observed in GBR shelf waters (Revelante & Gilmartin 1982 , Furnas & Mitchell 1986 , Furnas 1989 .
As with picocyanobacteria, low nutrient concentrations do not prevent nano-/microphytoplankton in tropical oligotrophic waters from achieving high absolute (µ max ) and relative (µ/µ max ) growth rates , Landry et al. 1984 , Laws et al. 1984 , Furnas 1991 . In fact, the results presented herein show that common bloom-forming diatom taxa had the potential to grow at absolute rates exceeding those of picocyanobacteria at DIN concentrations as low as 0.05 µM.
Though most important GBR species or groups are capable of high relative growth rates (µ/µ max > 0.5) at NH 4 + concentrations ≤ 0.1 µM and DIN concentrations ≤ 0.2 µM (Furnas 1991, results herein) , growth rates of most nano-/microphytoplankton taxa were apparently nitrogen-limited for much of the time. Thus, 71% of nano-/microphytoplankton growth rates estimated from in situ growth experiments were ≤ 0.25 of µ max when DIN concentrations were < 0.1 µM. In comparison, only 18% of picocyanobacteria growth rates estimated from in situ growth experiments were ≤ 0.25 of µ max when DIN concentrations were < 0.1 µM, the majority being ≥ 0.50 of µ max at these DIN concentrations. Even when nutrients were naturally or artificially elevated (e.g. DIN concentrations > 1 µM) relative to typical ambient concentrations (i.e. DIN concentrations < 0.1 µM), picocyanobacteria growth rates showed no signs of being significantly stimulated.
Recurrent high growth rates of diatoms suggest that prescreening was effective in relieving grazing pressure. Inocula prescreened through nylon mesh filters with pore diameters of 10 µm generally contained fewer and smaller ciliates than inocula prescreened through 35 µm nylon mesh filters. Given that ciliates, heterotrophic dinoflagellates and raptorial microflagellates were the most abundant grazers in nano-/microphytoplankton inocula, grazing pressures would probably have been greatest on microflagellates and non-motile ultraplankton (Hansen et al. 1997) , but there were insufficient data for a statistical comparison of the growth rates of microflagellates and nonmotile ultraplankton prescreened through the 10 and 35 µm filters. No differences were found between growth rates of Gymnodinium spp., Cylindrotheca closterium, and Naviculoid diatoms prescreened through the 10 and 35 µm filters (paired t-tests), implying that grazing of those taxa was either negligible or at least similar for the 2 prescreening treatments. Since fewer micrograzers were present in inocula prescreened through the 10 µm filters, and those present were typically smaller in size, the former suggestion is the more likely.
Even under highly oligotrophic conditions (DIN ≤ 0.03 µM), small changes in nitrogen concentrations (10s of nanomoles) were enough to promote growth of nano-/microphytoplankton over that of the picocyanobacteria. According to steady-state diffusion calculations of Chisholm (1992), however, a spherical cell of radius 5 µm growing at 1 doubling d -1 should be diffusion-limited at nitrogen concentrations < 0.1 µM. Since there is good evidence that nano-/microphytoplankton can achieve higher growth rates at DIN concentrations ≤ 0.1 µM (Laws et al. 1984 , Furnas 1991 herein), how might these high growth rates be achieved at such low DIN concentrations?
Several ideas have been proposed to reconcile the co-occurrence of fast growth rates and low ambient nutrient concentrations, including saturating uptake rates (e.g. McCarthy 1980 , Harrison et al. 1996 , access to small parcels of water where the concentration of nutrients is considerably higher than in the rest of the water column, as for example, due to micro(protozoan)-and macro(metazoan)-zooplankton excretion , Lehman & Scavia 1982a ,b, Caron & Goldman 1990 ), or in association with 'Marine snow' (flocs of detrital, bacterial and other organic matter, see Shanks & Trent 1980 , Alldredge & Silver 1988 . Additionally, phytoplankton may supplement dissolved inorganic nutrient uptake with uptake of dissolved organic matter (see Antia et al. 1991 , Palenik & Henson 1997 . Large zooplankton (e.g. copepods) and marine snow would be most affective in supplying nutrients when they are in close proximity (10s of microns) to phytoplankton (Jackson 1980 , Shanks & Trent 1980 , Alldredge & Silver 1988 . Due to the absence or low abundance of large zooplankton and marine snow within diffusion chambers, these potential nutrient sources are unlikely to have contributed significantly to the growth of phytoplankton in the diffusion culture experiments conducted herein.
Most high relative growth rates of phytoplankton at nanomolar DIN concentrations were recorded when NH 4 + concentrations were ≥ 60% of DIN concentrations (Table 4) , although NH 4 + is the most abundant inorganic nitrogen species in GBR surface waters at nanomolar DIN concentrations. Under certain conditions, the forms of inorganic nitrogen available to phytoplankton also influences achievable growth rates (Levasseur et al. 1993) . When phytoplankton are grown under saturating light conditions, higher growth rates are achieved on an ammonium source than a nitrate source (Levasseur et al. 1993) . Preferential storage of nitrate by larger phytoplankton, however, can lead to higher growth rates of these phytoplankton than is achievable on an ammonium source (Stolte 1996) .
